Mushrooms have the ability to degrade ligninocellulosic substrates, which are produced from natural materials used in the agriculture, woodland, animal husbandry, and manufacturing industries ([@B28]), and are frequently put in landfills or burned in the field at great cost to the environment ([@B1]). Mushrooms have, for many years, been eaten and appreciated for their flavor, and also prized for their economic and ecological benefits, as well as their medicinal properties. They feature a chemical composition which is very attractive from a nutritional standpoint. Various mushrooms have a long history of use in folk medicine, and the higher Basiomycetes species have been the subject of a great deal of interest, owing principally to their multifarious nutritional and pharmacological properties.

The ligninolytic system of *Pleurotus* spp. has been studied extensively in recent years. Three ligninolytic enzyme families have already been characterized: MnP, versatile peroxidase (VP), and laccase ([@B29]; [@B15]; [@B2]; [@B31]; [@B13]; [@B4]; [@B5]). These enzymes can be employed in a variety of biotechnological and environmental applications. *Pleurotus* spp. and their enzymes may function as an efficient alternative for the bioremediation of resistant pollutants, as compared with non-ligninolytic micro-organisms. *P. ostreatus* shows great promise in its ability to degrade and mineralize toxic chemicals, including polycyclic aromatic hydrocarbons (PAHs), atrazine, organophosphorus, and wastewaters. Lignin is the second most abundant plantbased biopolymer in the biosphere after cellulose, and accounts for up to 35% of the dry weight of woody tissue. It is an aromatic polydispersed polymer that provides plant cell walls with rigidity, water impermeability, and resistance against microbial attack. The structural features of this heterogeneous polymer impose unusual restrictions on its biodegradability. The initial attack must be extracellular, non-specific, and oxidative ([@B22]). White-rot fungi, belonging primarily to the basidiomycetes, are characterized by their ability to degrade quickly and efficiently the lignin moiety of woody tissues ([@B12]). Lignin degradation by fungi or other specific enzymes has previously been the focus of a large number of biotechnological studies. Different fungal species can either modify or degrade completely all the major components of wood. The most significant rates of Poly R478 decolorization in liquid cultures have been observed with the following isolates: *Trametes cingulata*, *Trametes versicolor*, *Trametes pocas*, DSPM95 (a species to be identified), *Datronia concentrica* and *Pycnoporus sanguineus* ([@B21]).

Currently, a great deal of interest has been focused on the lignin-degrading fungi and ligninolytic enzymes, as their industrial potentials have been previously recognized in biomechanical pulping ([@B19]), biobleaching ([@B26]; [@B20]; [@B10]), and the degradation and detoxification of recalcitrant environmental pollutants including dioxins ([@B3]), chlorophenols ([@B17]), nylon ([@B7], [@B8]), polyethylene ([@B16]; [@B11]), and dyes ([@B25]; [@B24]). The principal objective of this study was to screen the lignin-degrading mushrooms indigenous to Korea, and to select the fungi that most potently degraded the lingo-cellulosic materials using a variety of chemical tests, enzyme assays, and physiological examinations.

Materials and Methods
=====================

Organisms
---------

To select the super white rot fungi for our study of the degradation of ligno-cellulosic materials, 63 strains were collected from a variety of environmental samples obtained in Korea\--forests with fallen leaves, humus soil, and dead tree stumps and logs\--by the National Institute of Agricultural Scientific Technology, Rural Development Association. In addition, indigenous strains were immediately examined. The commercially available strain *Phanerochaete chrysosporium* ATCC64314 was utilized for comparison tests. A total of 81 strains were utilized for the screening of potent fungi ([Table 1](#T1){ref-type="table"}). *Phanerochaete chrysosporium*, a white rot basidiomycete, completely degrades wood ([@B22]). As cellulose constitutes 40 to 60% of all plant woody tissues, its degradation by *P. chrysosporium* is of great import. These organisms were maintained on potato dextrose agar (PDA)\--at ambient temperature for those originating from tropical areas, and at 4℃ for all others.

Primary screening
-----------------

Gum guaiac and syringaldazine are substrates for the enzyme system possessed by all lignindegrading fungi. Different indicator compounds were added to the YMG agar plates in order to detect fungi that generated ligninolytic enzymes: 500 mg gum guaiac (Sigma) in 3 *ml* of 95% ethanol, 0.1% syringaldazine aqueous solution (Miller, 1988). A positive reaction of gum guaiac is a change in the reagent to blue-green, and syringaldazine is a pink to bright pink color. The positive reactions with different indicators were assessed by spot tests on fungal cultures.

Poly R-478 decolorization on solid cultures
-------------------------------------------

YMG media were examined, all of which contained 0.02 percent (w/v) of the polymeric anthrapyridone chromophore poly R-478 (Sigma). A 2% (w/v) stock solution of poly R-478 was filter-sterilized and aseptically added at a final concentration of 0.2 g/liter to each of the previously autoclaved media. After fungal inoculation as described above, the diameters of growth and decolorization were measured daily

Secondary screening
-------------------

To assess the biodegradation ratio of fungi on liquid cultures, the primary screening was cultivated in a liquid YMG medium supplemented with 0.02% (w/v) poly R-478. Four mm-diameter agar plugs from 7-day-old cultures were utilized for the inoculation of 50 *ml* sterile medium in 125 *ml* Erlenmeyer flasks and incubated at 25℃ in darkness. The medium was sterilized by 15 min of autoclaving at 121℃. The samples (1 *ml*) were collected on the 25^th^ day, mycelial particles were pelleted at 12,000 rpm, and the supernatants were assayed for decolorization. On the selected days of incubation, extracellular culture fluid from three flasks was collected via filtration with Whatman filters (100-mm diameter) and assayed for decolorization.

Poly-R 478 decolorization on liquid media under culture conditions
------------------------------------------------------------------

The chemical structures and visible spectra of Poly R are provided in [Fig. 1-③](#F1){ref-type="fig"} ([@B14]). Fungi selected in the primary screening were cultivated in a liquid YMG medium supplemented with 0.02% (w/v) poly R-478, under static and agitated conditions (rotary shaker-150 rpm, 2.5 cm diameter circle). The composition of the culture medium was identical to YMG but without the addition agar. In order to prepare the fungal inocula, the mycelia obtained from a 40 *ml*, 7-day-old agitated culture (150 rpm) on YMG was washed twice in distilled water; 10 *ml* of distilled water was then added to the washed material and the mycelia were fragmented with 2 g of homogenizer (Junsei, Japan). Static cultures (25 *ml* in 250 *ml* flasks) and agitated cultures (50 *ml* in 250 *ml* flasks) were inoculated with 2 *ml* of the suspension. The flasks were closed with silicone caps and incubated for seven days at 25℃. The results were expressed by reference to controls (non-inoculated flasks) treated and incubated under identical conditions. Samples of the extracellular fluids (1 *ml*) were taken and centrifuged (5 min, 12,000 rpm). Poly R-478 decolorization was assessed by decreases in the absorbance ratio (OD~520~/OD~350~) after a 10-fold dilution in water ([@B18]). The decolorization ratio (D.R.) was defined as the absorbance ratio of the sample divided by the absorbance ratio of the control. Decolorization was measured by the decrease in absorbance at different wavelengths of the visible spectrum after a 50-fold dilution, on the 3^th^, 6^th^, 12^th^, and 15^th^ day.

Assay of lignin-modifying enzymes
---------------------------------

Enzymes were produced in shallow stationary cultures using the liquid YMG medium. 4 mm-diameter agar plugs from 7-day-old cultures were used to inoculate 50 *ml* sterile medium in 125 *ml* Erlenmeyer flasks, followed by incubation at 25℃ in darkness. The medium was then sterilized by 15 min of autoclaving at 121℃. Samples (100 *ml*) were collected on the 15^th^ day, the mycelial particles were pelleted at 12,000 rpm, and the supernatants were assayed for LMEs. On the selected days of incubation, extracellular culture fluid from three flasks was collected via filtration with Whatman filters (100-mm diameter) and assayed for LME activity. Laccase activity was determined by the method developed by Niku-Paavola et al. ([@B23]). All enzymes were spectrophotometrically determined at room temperature with a Beckman DU-650. The laccase reaction mixture contained 14 mM 2,2\'-azino-bis(3-ethylbenzthiazoline)-6-sulfonic acid (ABTS) in 0.1M glycine-HCl buffer at pH 3.0 in a final volume of 1.0 *ml*. The reaction was monitored by measuring the change in absorbance at 405 nm ([@B9]). The enzyme units were expressed in nanokatals per liter. One katal is defined as one mole of product formed per second. MNP activity was determined by the method developed by Paszczynski et al. ([@B27]) by monitoring the oxidation of Mn^2+^ to Mn^3+^, whereas the LIP activity was determined by measuring the rate of H~2~O~2~-dependent oxidation of veratryl alcohol to veratraldehyde ([@B6]; [@B30]), and the activities were expressed as units per liter (shown as U/1 in the figures). One unit of enzyme is defined as 1 mmol of veratryl alcohol oxidized per min and 1 µmol of Mn(II) oxidized per min for LIP and MNP, respectively.

Determination of mycelial dry weight
------------------------------------

Mycelial dry weights were determined by vacuum filtering the cultures with preweighed (110-mm-diameter) filter papers (Whatman, Inc., NO. 2). The filters containing the mycelial mass were placed in preweighed 50-mm-diameter aluminum pans and dried to constant weight at 80℃.

Results and Discussion
======================

Primary screening
-----------------

Reactions with the two different indicators, gum guaiacol and syringaldazine, were assessed with the fungal strains on YMG agar plates. The positive reactions with gum guaiacol and syringaldazine correlated well among the very positive strains (+++), respectively. But MKACC50028, MKACC50146, MKACC50354, and MKACC50896 evidenced a very positive reaction (+++) only with gum guaiac and not with syringaldazine ([Table 2](#T2){ref-type="table"}) and MKACC50046, MKACC50635, and MKACC51141 showed a very positive position only with syringaldazine. The MKACC50051, MKACC50148, MKACC50169, MKACC50551, MKACC50619, MKACC50634, MKACC50873, MKACC50881, MKACC51267, MKACC51272, and MKACC51606 strains evidenced strong positive reactions with all of the tested indicators. However, MKACC50544, MKACC50976, MKACC51042, MKACC51060, and MKACC51290 evidenced no reaction with any of the tested indicators.

Fungal strains evidencing positive reactions on gum guaiac indicator plates were identified as 73 strains from the collected samples, and 58 of the strains evidenced a positive reaction on syringaldazine.

Poly R-478 decolorization on solid culture
------------------------------------------

81 fungi, including 18 introduced strains, were screened for their potential to degrade poly R-478. A total of 53 fungal strains decolorized the polymeric dye after 7 days of growth on the YMG and PDA medium supplemented with 0.02% poly R-478. 11 strains degraded poly R-478 very positively (+++), but 29 strains, including *Agrocybe aegerita*, appeared negative as compared to other strains. *Coriolus hirsutus*, *Cordyceps nutans*, *Coriolus brevis*, *Coriolus versicolor*, and *Pleurotus eryngii* evidenced profoundly positive reactions with all the tested indicators and poly R-478 degradation ([Table 3](#T3){ref-type="table"}, [Fig. 1](#F1){ref-type="fig"}).

Secondary screening
-------------------

When using Poly-R 478 dye to assay the PAH-degrading activity of selected strains, the tested fungi were classified into four groups according to their decolorization ability. 11 strains, including MKACC 50169, were classified in group A. However, only two strains, MKACC50635 and 50354, were classified in group D ([Table 4](#T4){ref-type="table"}). The control strain, ASI89003, was included in group B. Most of the fungi, including groups B, C, and D yielded positive decolorization results on liquid culture. [Fig. 2](#F2){ref-type="fig"} shows that the visible spectra of fluids of the fungi grown in the liquid medium contained Poly-R. The curve of the non-inoculated control was similar to the results of Gold ([@B14]).

Poly-R 478 decolorization on liquid media under culture conditions
------------------------------------------------------------------

Using the Poly-R 478 dye to assay the PAH-degrading activity of the identified strains, decolorization by MKACC50104 proved most effective under static conditions and MKACC51170 proved most effective in shaking liquid cultures. On the other hand, MKACC 50028 evidenced the poorest results under static conditions and MKACC50619 evidenced the poorest results in shaking liquid cultures. The degradation of the majority of the selected fungi was more prominent in shaking liquid cultures than in static cultures ([Table 5](#T5){ref-type="table"}). However, MKACC 50104, MKACC 50148, MKACC50619, and MKACC 51272 evidenced better results in the static cultures. The mycelial growth of fungi was also evaluated under different culture conditions. The mycelial growth of MKACC 52492 was the best on liquid culture media under shaken conditions, and the following strain was MKACC51170. In the static liquid cultures, the MKACC51272 evidenced good mycelial growth. Particularly, MKACC51170 generated good results for both decolorization and mycelial growth. [Fig. 3](#F3){ref-type="fig"} evidenced poly-R 478 decolorization on liquid media under shaken and static conditions by the selected fungi.

In order to assess the degradation of poly-R 478 on liquid media by the selected fungi over a given course of time, the decolorization ratios were assessed. As a result, the degradation of the majority of strains steeply increased until the sixth day, and slightly increased after 12 days ([Fig. 3](#F3){ref-type="fig"}). In general, decolorization coincided with the synthesis of oxidative enzymes ([@B18]) as shown in [Fig. 4](#F4){ref-type="fig"}. The laccase activity of the MKACC 51635 strain reached a maximum on the sixth day and the laccase activity of the MKACC 52492 strain reached a maximum on the 12th day.

![Degradation activity of polycyclic aromatic hydrocarbon (PAH) with Poly-R 478 dye by the selected strains. ① *Mamasmius androsaceus*, MKACC51196; ② *Collybia susaquosa*, MKACC50146; ③ *Crinipellis stypitaria*, MKACC51272; ④ *Coriolus versicolor*, MKACC52492.](mb-37-53-g001){#F1}

![Visible spectra of fluids from the fungal strains grown under the liquid medium containing Poly-R.](mb-37-53-g002){#F2}

![Poly-R 478 decolorization by selected fungi on liquid media under shaken and static conditions.](mb-37-53-g003){#F3}

![Poly-R 478 decolorization on liquid media under shaken conditions by selected fungi. The decolorization ratio was defined as the absorbance ratio (OD~520~/OD~350~) of the sample/the absorbance ratio of the control.](mb-37-53-g004){#F4}

![Typical profile of the Poly-R 478 decolorization correlated with laccase activity by *Coriolus versicolor* (MKACC 52492) and *Pleurotus ostreatus* (MKACC 51632). (■), decolorization ratio of *P. ostreatus*; (□), laccase activity of *P. ostreatus*; (●), decolorization ratio of *C. versicolor*; (○), laccase activity of *C. versicolor*.](mb-37-53-g005){#F5}
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Comparison of reaction of the fungal strains with different indicators on YMG agar plate
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Decolourization of Poly R 478 by white rot fungi in YMG media and PDA on day 7
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Grouping of selected fungal strains based on the patterns of poly R-478 decolorization shown by the spectral analysis of their fluids from the dye-containing cultures
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Poly-R 478 decolorization by selected fungi on liquid media under shaken and static conditions (Incubation periods: 15 days)
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^\*^Decolorization ratio was defined as the absorbance ratio (OD~520~/OD~350~) of the sample/the absorbance ratio of the control.
